Abstract. Intra-seasonal variability of smoke aerosol optical depth (AOD) and downwelling solar irradiance at the surface during the 2002 biomass burning season in South America was modeled using the Coupled Chemistry-Aerosol-Tracers Transport model with the Brazilian developments on the Regional Atmospheric Modeling System (CCATT-BRAMS). Measurements of total and fine mode fraction (FMF) AOD from the AErosol RObotic NETwork (AERONET) and solar irradiance at the surface from the Solar Radiation Network (SolRad-NET) were used to evaluate model results. In general, the major features associated with AOD evolution over the southern part of the Amazon basin and cerrado ecosystem are captured by the model. The main discrepancies were found for high aerosol loading events. In the northeastern portion of the Amazon basin the model systematically underestimated total AOD, as expected, since smoke contribution is not dominant as it is in the southern portion and emissions other than smoke were not considered in the simulation. Better agreement was obtained comparing the model results with observed FMF AOD, which pointed out the relevance of coarse mode aerosol emission in that region. Likewise, major discrepancies over cerrado during high AOD events were found to be associated with coarse mode aerosol omission in our model. The issue of high aerosol loading events in the southern part of the Amazon was related to difficulties in predicting the smoke AOD field, which was discussed in the context of emissions shortcomings. The Cuiabá cerrado site was the only one where the highest quality AERONET data were unavailable for both total and FMF AOD. Thus, lower quality data were used. Root-meansquare error (RMSE) between the model and observed FMF AOD decreased from 0.34 to 0.19 when extreme AOD events (FMF AOD 550 nm ≥ 1.0) and Cuiabá were excluded from the analysis. Downward surface solar irradiance comparisons also followed similar trends when extreme AOD were excluded. This highlights the need to improve modelling of the regional smoke plume in order to enhance the accuracy of the radiative energy budget. An aerosol optical model based on the mean intensive properties of smoke from the southern part of the Amazon basin produced a radiative flux perturbation efficiency (RFPE) of −158 Wm −2 /AOD 550 nm at noon. This value falls between −154 Wm −2 /AOD 550 nm and ranging from +0.04 to −0.41 Wm −2 (Schulz et al., 2009) . The relationship between aerosol optical properties and radiative forcing efficiency, forcing per unit of optical depth, has been pointed out as a key aspect concerning model diversity (Schulz et al., 2006 (Schulz et al., , 2009 , particularly for regions dominated by carbonaceous and dust aerosols (Kinne et al., 2006) . Over South America in particular, while some models simulated spatial variability in DRF from +2 to −2 Wm −2 , others exhibited lower geographical variation (from −0.2 to −0.4 Wm −2 ). Biomass burning is a major source of carbonaceous aerosols to the regional atmosphere, yet characterization of observations and model representation of smoke aerosol emissions and spatial and temporal variability of abundance and intrinsic optical properties are still uncertain (Kinne et al., 2006; Reid et al., 2005; Longo et al., 2010) . Kinne et al. (2006) found the biomass burning season in South America to start and peak too early in models used by the Aerosol interComparison project (AeroCom, Textor et al., 2007) when compared with ground-based and satellite observations. The study also pointed out that models in general underestimate the strength of the biomass burning season.
The present paper describes results of a modeling effort aiming to simulate the South American regional smoke plume produced during the 2002 biomass burning season. The study was conducted using the Chemistry-Coupled Aerosol and Tracers Transport model with the Brazilian developments on the Regional Atmospheric Modeling System (CCATT-BRAMS, Freitas et al., 2009; Longo et al., 2010 Longo et al., , 2013 developed at the Brazilian National Institute for Space Research for regional studies of air quality impact on public health, weather forecasting and climate processes. The presented results focus on the simulation of the AOD of the regional smoke plume and the associated radiative flux perturbation (RFP) of the solar radiation at the surface. Downward solar radiation at the surface is a fundamental component in the diurnal cycle of the energy budget. The ability of the model to correctly simulate the AOD field is crucial to an accurate modeling of the solar radiation field. To evaluate the CCATT-BRAMS results, collocated observations of AOD from the AERosol RObotic NETwork (AERONET, Holben et al., 1998) sun photometers and downwelling solar irradiance at the surface from Solar Radiation Network (SolRad-NET, Schafer et al., 2002) pyranometers are used. The paper is divided as follows: Sect. 2 presents a description of the CCATT-BRAMS system with a particular focus on the emission sources prescription and optical-radiative module. Section 3 describes the experimental data and methods. Results and discussion are presented in Sect. 4. The first results that are presented and discussed are comparisons between model-calculated and observed seasonal variability of aerosol optical depth, followed by an evaluation of modeled downwelling solar fluxes at the surface. Next, we discuss RFP efficiencies (RFPE) as parameterized in CCATT-BRAMS based on optical properties models derived from AERONET data. An estimate of RFPE from an independent empirical approach based on pyranometer measurements and a radiative transfer closure experiment is also presented. Finally, we evaluate the surface RFP induced by the regional smoke plume on a 24 h basis and at specific times of day. Aiming at consistent terminology, radiative flux perturbation (RFP) was adopted to denominate the impact of aerosol direct radiative effect instead of radiative forcing (RF) following Lohmann et al. (2010) suggestion. Conclusions are presented in Sect. 5.
Modeling system description
CCATT-BRAMS consists of a numerical system designed to predict and study emission, deposition and transport of aerosols and other tracers at a regional scale. CCATT is an on-line Eulerian transport model and BRAMS is an atmospheric circulation model based on the Regional Atmospheric Modelling System (RAMS, Walko et al., 2000) with specific developments and parameterizations for South American tropical regions . CCATT-BRAMS is fully coupled in order to solve the transport of gaseous compounds and aerosol particles simultaneously with the atmospheric state evolution using exactly the same timestep as well as dynamics and physical parameterizations. The model includes gaseous chemistry, photochemistry, scavenging and dry deposition. The resultant 3-D aerosol loading is used as an input to the optical-radiative transfer module in order to simulate the aerosol direct and semi-direct radiative effects. Therefore, aerosol impacts on the energy budget and atmospheric thermodynamics are considered Longo et al., 2006) . The modeling of smoke aerosol particles is the focus of the present study, therefore only biomass burning emission sources were considered.
Emission
Smoke emissions were prescribed using the Brazilian Biomass Burning Emission Model (3BEM, Freitas et al., 2005; Longo et al., 2010) . The 3BEM smoke particles emissions are based on a database of fire pixel counts and burned area derived from the combination of remote-sensing fire products from Geostationary Operational Environmental Satellite-Wildfire Automated Biomass Burning Algorithm (GOES WF ABBA product; Prins et al., 1998) , the Brazilian National Institute for Space Research (INPE) fire product, which is based on the Advanced Very High Resolution Radiometer (AVHRR) aboard the NOAA polar orbiting satellites series (Setzer and Pereira, 1991) , and the Moderate Resolution Imaging Spectroradiometer (MODIS) fire product (Giglio et al., 2003) . The three fire product databases are combined using a filter algorithm to avoid double counting of the same fire, by eliminating additional fires within a circle with a radius of 1 km. For detected fire pixels, the emitted mass is obtained combining the amount of available above-ground biomass and combustion and emission factors for specific species in accordance with vegetation type. The fire detection maps are merged with 1 km resolution land use data (Belward, 1996; Sestini et al., 2003) to provide the associated emission and combustion factors through a look-up table. The emission and combustion factors for each biome, which include tropical forest, cerrado and pasture, are based on Andreae and Merlet (2001) and Longo et al. (2009) . The total emitted mass of aerosol particles per grid box is calculated by adding the individual mass over all fires in that grid box. The emission units are kg m −2 day −1 . The diurnal cycle for the biomass burning emissions is prescribed using a Gaussian function centered at 18:00 UTC (Freitas et al., 2011) , which is based on the typical diurnal cycle of fire occurrence over South America (Prins et al., 1998) . A detailed description of the 3BEM model is presented in Longo et al. (2010) and Freitas et al. (2011) . For the present study, only emissions of carbon monoxide (CO) and smoke fine mode particles, i.e. particles with a diameter smaller than 2.5 µm (PM 2.5 ), were considered. In areas heavily affected by biomass burning, in the southern region of the Amazon basin and the cerrado ecosystem, fine mode aerosols contribute, on average, to 90 % and 85 %, respectively, of the total aerosol optical depth in the visible spectrum (Rosário, 2011) . Moreover, fine mode particles dominate the intensive radiative properties of the regional smoke plume (Reid et al., 2005) . Although only smoke emissions were considered in the present study, it is worth mentioning that the CCATT-BRAMS system is able to treat distinct aerosol types.
Model configuration
CCATT-BRAMS was configured and run with two domains (Fig. 1) . The first consisted of a larger domain with 140 km horizontal resolution covering South America and Africa aiming to capture inflow of smoke from Africa and transport of South American smoke to remote areas of the southwestern portion of the Atlantic Ocean. The second, a nested grid, consisted of a smaller domain covering only South America and with a horizontal resolution of 35 km. For both domains, 42 vertical levels were included, with vertical resolution varying from 150 m in the lower troposphere to a maximum of 850 m in the upper troposphere. Atmospheric initial and boundary conditions were assimilated from the 6 hourly analysis of the global circulation model CPTEC T126 (100 km in the horizontal resolution) from the Brazilian Center for Weather Forecasting and Climate Studies (Cavalcanti et al., 2002) using the RAMS 4DDA (four-dimensional data assimilation) assimilation technique.
Optical-radiative module
The CCATT-BRAMS optical-radiative module is based on a modified version of the Community Aerosol and Radiation Model for Atmosphere (CARMA, Toon et al., 1989; Colarco et al., 2002) . The original CARMA version simultaneously considered an aerosol microphysics scheme and a twostream radiative transfer module for both solar and terrestrial spectral regions. Major standard microphysical processes, such as coagulation, condensational growth and particle sedimentation, were included. Aerosol size distributions were prescribed using several bins and including different chemical elements. Aerosol particles were treated as spherical and internally mixed. Mie calculations were performed on-line with radiative transfer in order to provide the aerosol extinction, scattering and absorption spectral coefficients. The original scheme turned out to be expensive and prohibitive to run in an operational mode. Therefore, the aerosol microphysics scheme was simplified while the radiative transfer module was kept with minor modifications. The major modification from the original version refers to the prescription of the aerosol size distribution and intensive spectral optical properties, specifically the extinction efficiency (Q ext,λ ), single scattering albedo (ω oλ ) and asymmetry parameter (g λ ).
Currently, typical spectral optical properties are obtained previously from off-line Mie calculation assuming smoke particles as homogeneous spheres and using as input climatological size distributions and complex refractive indices from AERONET sites. The smoke aerosol mass concentration forecasted by CCATT-BRAMS is converted to number concentration in the optical-radiative module assuming a prescribed density (ρ o = 1.35 g cm −3 , . The aerosol size distribution is assumed to be a unimodal lognormal function based on climatological size distribution parameters obtained from AERONET retrievals. Prior prescription of smoke optical properties in CCATT-BRAMS using this approach was based on the study of Procopio et al. (2003) . They developed a set of dynamic aerosol optical models defined by aerosol optical depth using AERONET sites at Alta Floresta and Abracos Hill. Rosário (2011) , using several AERONET sites and longer time series, extended the development of aerosol optical properties aiming to represent the spatial variability across the major biomass burning areas in South America. Figure 2 shows the typical spectral dependence of optical properties for the sites in these areas, specifically, the southern and northeastern Amazon basin and cerrado. Main features are the higher absorption of aerosol particles from cerrado, the consistency between the sites in the southern Amazon basin and the difference between the two sites in the northeast Amazon. The reason for this difference is not yet well understood. The higher absorption of cerrado smoke aerosol has been associated with the dominance of flaming phase combustion (Yamasoe et al., 1998; Dubovik et al., 2002) . These spectral optical models were calculated using an average aerosol size distribution and complex refractive index in a Mie code (Wiscombe, 1980) . The spatialization of the spectral optical models in CCATT-BRAMS was performed based on the concept of anisotropic areas of influence described in Hoelzemann et al. (2009) . Elsewhere in the model domain, not covered by the anisotropic areas of influence, a reference optical model was adopted. This approach was identified as dynamic aerosol optical model representation. On the other hand, the parameterization of smoke in CCATT-BRAMS using fixed optical properties for the entire model domain based on the reference optical model was designed as static aerosol optical model representation. The reference optical model was obtained using as input to Mie calculations the average of size distribution and complex refractive index from sites located in the southern Amazon basin (Rio Branco, Abracos Hill and Alta Floresta). Smoke from the southern region of the Amazon basin is the main contributor of biomass burning aerosol particles to remote regions of South America (Freitas et al., 2005; Longo et al., 2009 ). Spectral aerosol optical depth (AOD λ ) is calculated based on the aerosol mass loading field provided by the CCATT-BRAMS transport module and the spectral extinction efficiency factor stored in lookup tables. The AOD λ along with ω oλ and g λ are used as input in the CARMA radiative transfer code in order to simulate the aerosol direct radiative effect. The CARMA two-stream radiative transfer is treated by dividing solar and infrared radiation into 32 and 19 wavelength narrow-bands, respectively. Gaseous absorption and emission are calculated using an exponential sum formulation (Toon et al., 1989) . All major radiatively active atmospheric constituents -water vapour, ozone, carbon dioxide and oxygen -are taken into account. Cloud optical properties are parameterized according to Sun and Shine (1994) and Savijärvi et al. (1997) using liquid and ice particle content provided by the CCATT-BRAMS cloud microphysical module. Aerosol indirect effects were not considered in the present study; therefore, the analyzed aerosol radiative impacts are strictly associated with the direct effect. CCATT-BRAMS was run three times. First, the aerosol direct radiative effect was not simulated. For the second run, the aerosol effect was turned on considering the static aerosol optical model representation based on the reference optical model (Fig. 2) . The third run also included the aerosol radiative effect; however, spatially varying optical properties were prescribed following the aerosol optical dynamic model representation described above and spatially distributed based on the areas of influence described in Hoelzemann et al. (2009) . The impacts of the aerosol direct radiative effect were evaluated by analyzing differences among the runs including and excluding aerosol radiative effects. All results analyzed in this study are related to the smaller domain.
Experimental data and methods
The geographical locations of the analyzed AERONET sites are depicted in Fig. 1 (Levy et al., 2010) . Details regarding location, dominant ecosystems and experimental data from each site are provided in Table 1 . Observed total aerosol optical depth (AOD) data were taken from the AERONET direct sun inversion database. The uncertainty of the AERONET aerosol optical depth is stated to vary from 0.01 to 0.02 (Eck et al., 1999) . The fine mode fraction (FMF) AOD product computed from the spectral deconvolution algorithm (SDA) methodology (O'Neill et al., 2001 (O'Neill et al., , 2003 was also included in the analysis. The SDA algorithm is based on the AOD spectral dependency from 380 to 870 nm to estimate FMF AOD, which is expected to allow a more consistent comparison with CCATT-BRAMS prognostic of AOD for smoke PM 2.5 particles. The highest quality products (level 2.0) from the network were prioritized, which are pre-and post-field calibrated. The exceptions were total AOD and FMF AOD from the Cuiabá site and FMF AOD from the Alta Floresta site, for which level 2.0 products are unavailable, therefore level 1.5 data were used. Measured broadband downwelling solar radiation at the surface was obtained from SolRad-Net. The absolute uncertainty of pyranometers ranges between 2 % and 3 % (Schafer et al., 2002) . The comparative analysis of AOD between AERONET and CCATT-BRAMS was performed based on daily averages, while surface solar irradiances under "clear sky" conditions were compared at specific times, 12:00, 15:00 and 18:00 UTC. Solar irradiance at the surface under "clear sky" conditions is defined as the pyranometer measurements performed in absence of clouds along the path of the Sun direct beam and under minimal influence of cloud diffuse enhancement effect. The latter condition is an acknowledgment that to fully prevent cloud contamination in the Amazon basin is a challenging task. Observed irradiances were averaged over 30 min intervals centered at the mentioned times. Samples with large temporal variations in the solar irradiance at the surface were assumed to be cloud contaminated, and were therefore excluded. Additional criteria adopted to perform cloud screening are further described in Rosário et al. (2011) . Cloud fractions in the Amazon basin are considerably high even during the dry season (Asner et al., 2001 ). This very likely explains the scarcity of clear sky conditions over a large period of time. For both AOD and surface solar irradiance, model results were collocated with the experimental stations assuming a window size of 90 × 90 km centered at each site. Additionally, downward solar irradiance at the surface was calculated for Rio Branco, Abracos Hill, Alta Floresta and Cuiabá using AOD and column water vapour (CWV) from AERONET as input to the Santa Barbara DIS-ORT Atmospheric Radiative Transfer (SBDART, Ricchiazzi et al., 1998) a column radiative transfer code. For cloudless conditions and at a given sun geometry, AOD and CWV variation are expected to explain most of the variability in downwelling solar irradiance at the surface. SBDART is an efficient column code for closure experiments that has been used to study radiative transfer in smoky environments in South America (Procopio et al., 2003 (Procopio et al., , 2004 Rosário et al., 2011) . Rosário et al. (2011) were able to reproduce the observed variability of solar irradiance when instantaneous AOD and CWV from AERONET were prescribed as inputs. The SB-DART results were included in the comparison analysis between CCATT-BRAMS outputs and pyranometer measurements. Mean surface radiative flux perturbation (RFP) on a 24 h basis and at specific times of day was estimated averaging the instantaneous difference between modeled downward surface solar irradiance over the biomass burning season including and excluding the smoke aerosol radiative effect. The dependence of RFP efficiency (RFPE) on the adopted optical model was evaluated accordingly to the methodology of Hansell et al. (2003) and Stone et al. (2011) . The method is based on linear fitting of aerosol optical depth versus the difference between downwelling solar irradiance at the surface considering and neglecting the aerosol direct radiative effect. The slope of the linear fitting provides an estimate of RFPE. An independent empirical RFPE was also calculated based on a synergy between pyranometers, sunphotometers and SBDART. Pyranometer measurements were defined to represent downwelling solar irradiance at the surface under the influence of the aerosol radiative effect. Collocated column water vapour from sunphotometers, ozone from the Total Ozone Mapping Spectrometer (TOMS) and broadband surface albedo taken from the observational study of Berbet and Costa (2003) were used as input to the SBDART radiative transfer code to simulate the solar irradiance at the surface without aerosol influence. The independent empirical RFPE was obtained as the slope from the linear fitting of the difference between measured irradiance at the surface and aerosol free irradiance calculated as a function of observed AOD. This case is free of assumptions about aerosol optical properties.
Results

Aerosol optical depth and solar flux comparisons
A major feature of AOD throughout the biomass burning season is its high spatial and temporal variability induced by a set of complex processes, such as random and intermittent emissions sources, atmospheric transport and removal processes and variation of the intrinsic properties of particles due to aging and mixing processes (Eck et al., 2009; Reid et al., 2005) . Figure 3 compares model-calculated AOD 550 nm and observed total (Fig. 3a) and FMF (Fig. 3b) AOD 550 nm over distinct AERONET sites. In general, a significant agreement between model and observations is seen concerning the evolution of aerosol optical depth for the sites in the southern part of the Amazon basin and cerrado. This suggests that the model is able to capture major features of the chain of processes mentioned above in those regions. However, as expected, a better agreement is obtained when modeled results are compared with FMF AOD 550 nm , especially for the Cuiabá site. Likewise for Belterra and Balbina sites, which are located in the northeastern Amazon basin (Fig. 3b) . Over these two sites the model results are systematically lower when compared with AERONET total AOD 550 nm (Fig. 3a) , which point out the greater relative importance of coarse mode to the total AOD during the biomass burning season in comparison with the southern part of the Amazon basin. As can be seen in Fig. 1 , the northeastern region is marginally affected by the regional smoke plume. AOD peaks in November, mostly associated with local emissions. In the present study only fire emissions were considered. Therefore, one would expect the model to underestimate total AOD in that region. Hereinafter, the analysis focused on the southern Amazon basin and cerrado sites. These are located inside the core of the regional smoke plume. Regarding these sites, the critical aspect seen in the comparison with the total AOD 550 nm (Fig. 3a) is that the model struggles to capture high AOD events, especially over Alta Floresta and Cuiabá (Fig. 4a) . As mentioned, the agreement between modeling and observation over Cuiabá is largely improved when modeled AOD is compared with observed FMF AOD (Figs. 3b and 4b ). This improvement is essentially driven by high AOD events. Over Cuiabá these high AOD events supposedly include a large contribution of coarse mode aerosols, which are not taken into account in the model. An analysis of theÅngström exponent values during these events (not shown) supported the coarse particles contribution hypothesis. Opposite to the southern region of the Amazon basin, the cerrado region (Cuiabá) is characterized by large portions of exposed soil, which under windy conditions is likely to enhance soil dust emission. On the other hand, it is worth keeping in mind that AERONET data for Cuiabá are from level 1.5, which is only automatically cloud cleared and not manually inspected. Therefore, a possible cloud contamination cannot be ruled out. Regarding Alta Floresta, the discrepancy between model results and observation for the high AOD events that occurred at the end of August persisted even when CCATT-BRAMS results were compared with AERONET FMF AOD. This suggests that the model struggled to predict smoke aerosol loading over Alta Floresta region during that period. It is noteworthy to highlight that over the other sites located in the southern of the Amazon basin, i.e. Abracos Hill and Rio Branco, model AOD prediction was consistent with AERONET retrievals for the same period. Table 2 shows statistical parameters of the comparison between modeled smoke AOD 550 nm and AERONET fine mode fraction AOD 550 nm . Statistical analysis was performed dividing the data in three sets: (1) all stations (Rio Branco, Abracos Hill, Alta Floresta and Cuiabá), (2) excluding Cuiabá Unlike sunphotometers, due to relatively coarse grid resolution, the model is not expected to capture highly dense and localized plumes, which could explain the divergence between model and AERONET observation over Alta Floresta during high AOD events. However, the persistence of divergences over large time periods suggests that modeling aspects, beyond grid characteristics, may play an important role in the observed differences. Given the magnitude of the differences, variability in particle intensive optical properties are unlikely to play a major role. Emissions very likely are the critical aspect on this issue. Omission or misrepresentation of fire spots can induce important errors in the emissions and consequently in the aerosol loading field. Imageacquisition geometry and cloud coverage conditions have been pointed out as important issues in this matter (Schroeder et al., 2005 (Schroeder et al., , 2008 . By comparing satellite fire spot retrievals with aircraft observations over the southwest Amazon basin, Pantoja and Brown (2007) showed that the divergences between the two data sources were consistently associated with omission of satellite fire spots. Hyer and Reid (2009) discuss the role of satellite data products with varying spatial resolution on biomass burning emissions modeling. Using 120-m land cover data for the Amazon basin, they estimated the probability of accurate classification of individual fires at 88 % for MODIS and 74 % for GOES. They bring up the fact that emission biases caused by spatial error in satellite active fire location data vary with regional distribution of fire type and are prone to occur in heterogeneous landscapes. Alta Floresta, once an entirely forested region, has been subjected to very high deforestation rates. This resulted in a fragmented landscape containing forest patches surrounded by pasture fields. Emissions based on remote sensing of fire brought large improvements to smoke modeling in South America when compared with conventional databases (Longo et al., 2010) . However, the spatial and temporal scale of fire occurrence might still impose a considerable detection error. Figure 5 compares the modeled AOD 550 nm field with retrievals by MODIS aboard the TERRA satellite from 24 to 29 August, the period characterized by major divergences between the model and AERONET at Alta Floresta. MODIS well known tendency to overestimate AOD for South America regional smoke plume (Hoelzemann et al., 2009; Levy et al., 2010) was corrected using Hoelzemann et al. (2009) linear regression parameters (slope and intercept) obtained comparing AERONET and MODIS retrievals over South America during biomass burning season. Regionally, the spatial distribution of smoke is relatively well captured by the model, while locally, mainly in the emission sources areas, significant differences are observed. MODIS overpass geometry over Alta Floresta during the analyzed period was frequently problematic, which is an issue for fire spot detection. This corroborates the hypothesis that major divergences between the model results and AERONET FMF AOD at Alta Floresta are very likely induced by emissions issues.
Figures 6 and 7 show comparisons between modelcalculated and observed solar irradiance at the surface under cloud-free conditions. Observational data is scarce during the afternoon (15:00 UTC, 18:00 UTC) mainly due to the increase in cloudiness. Consequently, the AOD signature on surface solar irradiance is better identified looking at morning data (12:00 UTC). The SBDART estimation of solar irradiance at the surface using AOD and column water vapour from AERONET sunphotometers as input is also plotted. SBDART results were obtained using as input aerosol optical depth and column water vapour from AERONET.
Main trends in solar irradiance at surface are in general well captured by the model. This is an outcome of the model's ability to predict the major features of AOD variability. Nevertheless, non-negligible discrepancies still occur. Figure 8 shows differences between measured and modeled solar irradiance as a function of collocated differences between observed and modeled AOD. The linear relationship highlights the dominance of aerosol optical depth as the major source of uncertainty when it comes to modeling of solar irradiance at the surface. Table 3 shows statistics of the comparison between the model and pyranometers. Yet again, the best scenario (RMSE = 31 Wm −2 ) occurs when the Cuiabá site and extreme AOD events are excluded from the analysis. When all data were considered the agreement between the model and the observations decreased (RMSE = 45 Wm −2 ). The Cuiabá site performed worse for the irradiance intercomparison than the other sites, data not shown. The observed larger positive discrepancies may be related to cloud contamination, in spite of the application of a cloud screening procedure to both pyranometer and sun photometer datasets. However, they are not expected to significantly alter the general assessments of the present analysis. In summary, the comparisons show that CCATT-BRAMS was able to reproduce the main features of the AOD field associated with the regional smoke plume and to capture its seasonal variability and impacts on the downwelling solar energy at the surface. The major difficulty seems to be related to extreme smoke events (AOD 550 nm > 1.0). Although these events in general represent less than 20 % of the total AERONET samples from the direct sun inversion, their impacts are significant. Therefore the aspects behind the struggling of the model need to be addressed. A conclusive analysis of the impact of satellite scan geometry and spatial resolution and clouds on emissions modelling needs to be performed. Apparently, the days in the present study with major deviations coincided with smoky areas being imaged under larger scan angles (W. Schroeder, personal communication, 2009 ).
Radiative flux perturbation efficiency and surface RFP
Radiative flux perturbation efficiency (RFPE) is a metric of the sensitivity of the aerosol radiative flux perturbation to aerosol types and is primarily controlled by intrinsic aerosol properties. Figure 9 shows regression plots of AOD versus differences between solar irradiance at the surface neglecting and considering aerosol direct radiative effects. The results are shown for noontime when the instantaneous RFP is expected to be high. The slopes represent estimates of mean RFPE. Regressions are presented for the aerosol direct radiative effect modeled using the reference optical model and the optical models for Rio Branco, Abracos Hill, Alta Flo- due to its larger absorption. The obtained RFPE are compared with values found in the literature (Table 4) . Concerning the southern region of the Amazon basin, the obtained RFPE are higher than empirical values estimated by Schafer et al. (2002) for Abracos Hill and Alta Floresta sites but consistent with the overall RFPE variability. Regarding the difference between the empirical RFPEs and those obtained using climatological optical models, one can argue that it is likely due to the fact that the former has been obtained for particular years. Figure 10 shows 24 h smoke surface RFP averaged over the biomass burning season. Results are presented for both model runs considering static and varying optical properties models. As expected, major differences between both approaches are seen downwind of the Amazon basin. On average, single scattering albedos retrieved by downwind AERONET sites are lower than values retrieved inside the southern region of the Amazon basin. The spatial range of daily mean surface RFP in the southern Amazon basin (−35 to −50 Wm −2 ) is consistent with Procópio et al. (2004) results (−34.5 to −48 Wm −2 ). Regionally, the smoke surface RFP varies from −55 Wm −2 , in areas heavily affected by biomass burning emissions, to −10 Wm −2 near the southeast Brazilian coast. In the northwestern portion of the Amazon basin, the surface shortwave flux perturbation is also −10 Wm −2 . Figure 11 shows mean surface RFP at specific times (12:00, 15:00, 18:00 and 21:00 UTC) in order to highlight the daytime cycle. Maximum perturbation occurs at noontime (15:00 UTC) and it is around −100 Wm −2 in areas close to the emission sources. The diurnal cycle of the impact on the lower troposphere net radiative heating profile is shown (Fig. 12) through a cross section at longitude 57 • W, all along the South American continent, from clean areas in northern South America, crossing biomass burning regions in central regions, and up to the northern region of Argentina at 35 • S. The net effect is essentially a warming of the atmosphere. As expected, higher impacts are observed at noontime when a larger amount of solar energy is available. Net radiative heating rates when smoke is included can be twice that of the aerosol free case. The net impact of both a reduction in solar energy at the surface and enhancement of radiative heating rate induced by the regional smoke on the South American climate is still uncertain and a subject of research. Accurate modeling of the spatio-temporal distribution of the regional smoke loading and its intrinsic radiative properties remains a challenging task. Results of the present study indicated that the CCATT-BRAMS model is able to consistently simulate major features of AOD variability related to the regional smoke plume as well as the impact on downward shortwave radiation at the surface. However, important deviations from observations are still occurring. Ongoing studies are expected to tackle these issues.
Final remarks
The present paper describes a modeling effort to simulate the aerosol optical depth of the regional smoke produced during the 2002 biomass burning season and the associated surface shortwave flux perturbation in the Amazon basin and cerrado ecosystem. The CCATT-BRAMS model developed at the National Institute for Space Research for air quality and climate studies was used. CCATT-BRAMS is a fully coupled on-line model, which allows feedbacks between the aerosol radiative effect and other atmospheric processes.
Generally, comparisons between model-calculated variability of AOD and data from AERONET showed significant agreement. The model was able to capture the major features of AOD throughout the burning season over most of the analyzed AERONET sites. The main shortcomings were the underestimation of AOD in the northeastern region of the Amazon basin and the difficulty of the model in capturing extreme AOD events (AOD 550 nm > 1.0) in the cerrado region (Cuiabá) and the transition areas from primary forest to cerrado (Alta Floresta). The AOD underestimation over the northeastern of the Amazon basin was primarily related to the omission of coarse mode aerosol in the model simulation. Likewise, the discrepancy between the model and observation during extreme AOD events over the cerrado. However, over Alta Floresta region the divergences during high AOD events are associated with the model's problem in predict smoke fine mode aerosols. Accordingly to the AERONET direct sun inversion, extreme events represent roughly 20 % of conditions observed during the biomass burning season; however, their radiative impacts are huge. They can reduce solar irradiance at the surface by up to 300 Wm −2 . The main suspect of the model difficulty in capturing these events is related to emissions estimation. The omission of fire spots, satellite geometry issues and localized emission sources very likely explains this deficiency. The root-mean-square error (RMSE) between modeled and observed fine mode fraction AOD decreased from 0.34 to 0.19 when extreme AOD events and the Cuiabá site were excluded from the analysis. A similar trend was observed when the modeled downwelling solar irradiance at the surface was compared with pyranometer measurements. Better agreement was achieved between CCATT-BRAMS and observations when the data was restricted to irradiance measured for AOD 550 nm lower than 1.0. Ongoing modeling simulations and planned future field experiments are expected to allow more conclusive analysis of this aspect. Radiative flux perturbation efficiency (RFPE) obtained using space varying optical models was compared with RFPE using a static optical model prescription. The static model consisted of typical optical properties of smoke aerosol produced in the southern Amazon basin. Major impacts on surface shortwave flux perturbation were observed downwind of the Amazon basin where smoke aerosol plumes are on average more absorbing. Mean 24 h surface radiative flux perturbation induced by the regional smoke plume varied from −55 to −10 Wm −2 , from biomass burning areas to remote regions in the southeast of Brazil and in the northwest portion of the Amazon basin. In areas close to the emission sources, the enhancement of the net radiative heating rate by the regional smoke was as much as double the aerosol-free condition. Our results pointed out the ability of CCATT-BRAMS to simulate major spatio-temporal features of the aerosol optical depth field associated with South American regional smoke, despite the simplified aerosol microphysics adopted. The observed performance is a consequence of recent improvements of regional smoke dynamic in the model, particularly emission regionalization (Longo et al., 2010) and the inclusion of sub-grid scale plume rise from vegetation fires (Freitas et al., 2007) . Nevertheless, shortcomings were also observed and emissions are still a critical aspect and a matter of continuing research. Ongoing developments of CCATT-BRAMS and its emissions module are expected to improve the modeling of regional aerosol chemistry in South America.
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